Numerous studies to date have been aimed at unraveling the large suite of calcitriol (1a,25dihydroxyvitamin D 3 ) response genes in diverse tissues including skin, where this hormone is involved in regulating keratinocyte proliferation, differentiation, permeability barrier formation, innate immunity promotion, antimicrobial peptide production, and wound healing. However, the various approaches differ considerably in probed cell types, scale, throughput, and statistical reliability and do, of note, not reveal much overlap. To further expand our knowledge on presently elusive targets and characterize the extent of fragmentation of existing datasets, we have performed whole-transcriptome microarray examinations of calcitriol-treated human primary keratinocytes. Out of 28 869 genes investigated, we uncovered 86 differentially expressed (67 upregulated and 19 downregulated) candidates that were functionally clustered into five annotation categories: response to wounding, protease inhibition, secondary metabolite biosynthesis, cellular migration, and amine biosynthetic processes. A complementary RTq-PCR study of 78 nominees selected thereof demonstrated significant differential expression of 55 genes (48 upregulated and seven downregulated) within biological replicates. Our hit list contains nine previously authenticated targets (16.36%, proof of concept) and 46 novel genes (83.6%) that have not yet been explicitly described as being differentially regulated within human primary keratinocytes. Direct vitamin D receptor response element predictions within the regulatory promoter regions of 50 of the RTq-PCR-validated targets agreed with known biological functionality and corroborated our stringent data validation pipeline. Altogether, our results indicate the value of continuing these kinds of gene expression studies, which contribute to an enhanced comprehension of calcitriol-mediated processes that may be dysregulated in human skin pathophysiology. Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 132 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 133 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 134 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 135 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 136 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 137 Research R RID, M WAGNER and others Novel calcitriol-induced target genes 50:2 138
Introduction
Metazoan epidermis consists of four distinguishable layers containing primarily keratinocytes at distinct stages of development (Bikle et al. 2007 , Poumay & Coquette 2007 . Following their initial proliferation in the epidermal bottom stratum basale, the majority of daughters undergo a process of (terminal) differentiation accompanied by characteristic morphological alterations as well as changes in biochemical markers as they continuously migrate upward to the outmost cornified, enucleated stratum corneum skin surface (Lu et al. 2005 , Carlberg & Seuter 2007 , Bikle 2010 . A central regulator of keratinocyte (and also of other normal vs malignant cell types) growth and differentiation is hereby calcitriol (1a,25-dihydroxyvitamin D 3 ) (McLane et al. 1990 , Svendsen et al. 1997 , Cianferotti et al. 2007 , classically recognized for its role in Ca CC equilibrium maintenance essential for bone integrity. Calcitriol not only differentially affects expression of certain epidermal differentiation markers (Su et al. 1994 , Lutzow-Holm et al. 1995 , Bikle et al. 2002 but also governs permeability barrier formation (Oda et al. 2009 ). It protects keratinocytes from apoptosis (Lee & Youn 1998 , Diker-Cohen et al. 2003 and has gained attention for its role in innate immune defense (Wang et al. 2004 , Schauber et al. 2007 . Remarkably, keratinocytes comprise the only cell population that possesses the entire metabolic equipment for autonomous synthesis of calcitriol from the 7-dehydrocholesterol precursor both in vitro (Lehmann et al. 2001) and in vivo (Lehmann et al. 2003) . Thus, skin represents both the sites of production of calcitriol and is also the target organ for this potent, hormonally active secosteroid (Ebert et al. 2006 , Norman 2006 , Reichrath et al. 2007 , Schmuth et al. 2007 . Genomic control of primary calcitriol response genes is hereby achieved by attachment of ligand-bound vitamin D receptor (VDR)/retinoid X receptor (RXR) heterodimers to vitamin D response elements (VDREs) located within respective promoter regions (Rastinejad et al. 1995 , Shaffer & Gewirth 2002 , Carlberg 2003 , Carlberg & Seuter 2007 . Binding of calcitriol to VDR triggers the release of corepressor proteins , Carlberg 2004 , Privalsky 2004 , Carlberg & Seuter 2007 , Reichrath et al. 2007 ) through a conformational change within the VDR ligand-binding domain. A subsequent recruitment of coactivators collectively mediates local chromatin remodeling and builds a stable bridge to the basal transcriptional machinery (Hermanson et al. 2002 , Eelen et al. 2006 , Carlberg & Seuter 2007 . In addition, calcitriol can also mediate 'rapid responses' that are elicited by putative receptor(s) located near or associated with the plasma membrane and its caveolae compartments (Boyan et al. 2006) . These effects occur within minutes after hormone administration, which precludes a mechanism involving changes in gene expression, but appears instead to direct an increase in second messengers that can, ultimately, affect transcription through cross talk with other signal transduction cascades (Wali et al. 1990 , Losel & Wehling 2003 . Evidently, calcitriol target gene activation constitutes a multistep process, permitting keratinocytes to finely adjust their physiological responses to calcitriol (Darimont et al. 1998 , Rosenfeld & Glass 2001 .
The last few years have witnessed the introduction of global oligonucleotide and cDNA microarrays as increasingly appreciated, powerful instruments to reproducibly examine drug-and disease-induced steady-state snapshots of the (differential) expression of thousands of targets in massively parallel fashion (Kawasaki 2006 , Auer et al. 2009 ). Together, with complementary chromatin immunoprecipitation (ChIP and sophisticated modifications developed thereof, such as genome-wide ChIPchip hybridization of resultant chromatin fragments on microarrays or massively parallel ChIP-seq sequencings) and in silico screens for VDREs, they have largely rationalized the entirety of nuclear hormone receptor superfamily research (Tavera-Mendoza et al. 2006 , Carlberg & Seuter 2009 , Carlberg & Heinäniemi 2010 , which previously relied on the transfection of 'indirect' reporter gene chimeras (Lemon & Freedman 1996) . To date, in-depth deciphering of calcitriol-triggered transcriptional changes has been achieved in both primary cells and established (tumor) cell lines derived from multiple tissues. Each of these studies has resulted in the uncovering of a far from exhaustive, barely overlapping list of (merely moderate-to high-ranking quality) response genes implicated in diverse biological processes. Only two studies have actually been devoted to either immortalized (Lu et al. 2005) or primary human keratinocytes (Moll et al. 2007) . In our endeavor to further expand our knowledge on calcitriol target genes, we have applied a global whole-transcriptome microarray to delineate alterations within hormone-induced transcriptomic changes and have confirmed the results with complementary RTq-PCR and in silico promoter scanning. In doing so, we have been able to verify nine candidates previously described as differentially regulated in human keratinocytes to connect more than 30 additional targets reported from diverse other (tumor) tissue-derived lines with primary keratinocyte functioning and to define 13 potentially new, likely keratinocyte-specific genes. A graphical overview of our experimental design and outcomes is shown in Fig. 1 .
Materials and methods
Cultivation of primary keratinocytes from human foreskin tissue Clinically normal (uninflamed, sunlight-protected) human foreskin tissue obtained after informed consent from six individuals aged between 4 and 12 years in the course of routine surgery (phimosis, religious ritual; Children's Hospital, SALK/PMU, Salzburg, Austria) was incubated for 2 min in 100% ethanol to eliminate any bacterial contamination, neutralized in Dulbecco's PBS (Sigma-Aldrich), aseptically sliced into small pieces, and incubated at 4 8C overnight in Dispase solution (2.24 units, GIBCO brand, Invitrogen GmbH) diluted 1:1 in buffer A (30 mM HEPES, 10 mM glucose, 3 mM KCl, 130 mM NaCl, and 1 mM Na 2 HPO 4 , 1! phenol red, pH 7.4) to gently disaggregate the epidermis from the underlying dermis. As described previously (Bikle et al. 1986 , Trost et al. 2010 , primary keratinocytes were harvested from separated foreskin epidermis via incubation with repeated vigorous shaking for 15 min in trypsin-EDTA (PAA Laboratories GmbH, Pasching, Austria) diluted 1:10 in buffer A at 37 8C. The resultant epidermal cell suspension was neutralized with fetal bovine serum (PAA Laboratories, 1:10 in buffer A) and centrifuged for 5 min at 206 g (Varifuge 3.0 RS, Heraeus Instruments, Hanau, Germany). The cell pellet was then resuspended in 5 ml defined serum-free SFM medium (kit) containing L-glutamine, EGF (5 mg/l), and bovine pituitary extract (50 mg/l) and a calcium chloride concentration of 0.09 mM (Gibco, Invitrogen GmbH) and filtered through a 40 mm cell strainer (BD Biosciences, Heidelberg, 
Functional clustering of differentially expressed genes
To more thoroughly characterize the resultant set of genes, we employed the bioinformatics resource DAVID version 6.7 (http://david.abcc.ncifcrf.gov/) to annotate candidates according to their involvement in diverse (redundant) cellular processes, pathways, or components by controlled vocabulary gene ontology (GO) assignment (Ashburner et al. 2000) . DAVID (Sherman et al. 2007 , Huang da et al. 2009 ) permits systematic identification of biological themes significantly accumulated within particular (differentially expressed) gene collections at nominal P!0.05 with the transcript population comprising the Affymetrix Human Gene 1.0 ST arrays as background. Explicit categorization was achieved using a modified Fisher exact probability test, in the course of which the significance (P) for each assembled group was calculated as the negative log-transformed enrichment score (ES; Hosack et al. 2003) .
Confirmatory RTq-PCR
RefSeq accession IDs of differentially expressed genes were subjected to Batch Entrez analysis (http://www.ncbi.nlm. nih.gov/sites/batchentrez) for exposing mRNA sequences. These were forwarded to the WIBR UTR extractor (http:// jura.wi.mit.edu/bioc/tools/utrs) to excerpt coding regions and pasted into the Primer 3 program (http://frodo.wi.mit. edu/primer) to generate automatically designed (and manually controlled) oligonucleotides with similar properties (uniform GC content/melting temperature, optimal length, and similar amplicon size) to guarantee accurate results. Forward and reverse primer stocks (100 pmol/ml) were purchased in 96-well format from Invitrogen GmbH. After a 20-min digestion of total human RNA preparations from three different individuals with DNase I (deoxyribonuclease kit, Sigma-Aldrich) at room temperature, 1.5 mg pure RNA was reverse transcribed into cDNA using an iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the supplier's instructions. Resultant cDNA served as the template for subsequent RTq-PCR in plate format using a GoTaq qPCR Master Mix (Promega Corporation, Madison, WI, USA) plus a CFX96 apparatus (Bio-Rad, Hercules, CA, USA). Each run profiled the expression of differentially expressed genes in relation to seven unregulated housekeeping transcripts (B2M, HPRT1, RPL13A, GAPDH, ACTB, ANXA1, and TUBB) serving as internal references for data normalization, determination of experimental variance, and optimal fold-change cutoff estimation. Two built-in intron-specific probes for KRT14 intron 1 and BEST1 intron 2 were used for assessing possible contamination with genomic DNA. All reactions were carried out in a final volume of 25 ml. Product quality was checked by post-PCR melting curve analysis. Fold inductions were calculated according to a mathematical model described by Pfaffl (2001) (Xuan et al. 2005) . Promoter regions were interactively screened in both orientations for (predicted) theoretical nuclear hormone receptor superfamily transcription factor (VDR-RXR heterodimer)-binding sites using optimized, fixed similarity thresholds via MatInspector 8.0 (Genomatix, Ann Arbor, MI, USA) with its embedded weighted nucleotide distribution matrix family concept (library version 8.4, 06-2011) (Cartharius et al. 2005) . 'Core similarity' is herein defined as the maximally conserved positions. 'Matrix similarity' (perfect match: score of 1.00, acceptable match: O0.80) additionally takes into account all bases over the entire matrix distance, with mismatches in conserved positions decreasing the score more than discrepancies in less conserved domains.
Exemplary electrophoretic mobility agarose gel shift assay
The promoter fragments (100-200 bp) harboring central MatInspector predicted (bipartite) DR3-type VDREs for CRABP2 (forward: 5 0 -CAAGCCCCTCTCTGAGTACG-3 0 , reverse: 5 0 -GATGCTCAGGGCTCGTGTAT-3 0 ), OLFML3
(5 0 -TCCCAGTGGTAAGGAAGTCAG-3 0 , 5 0 -TTGCTTGAAA-GAGGCCAGAT-3 0 ), BNC2 (5 0 -GTCAAGCATGCCTGT-GAAGA-3 0 , 5 0 -GGCCCTCCTTATTTCAGTCC-3 0 ), TMEM91 (5 0 -CCACGATCACTTCACTGCAC-3 0 , 5 0 -GCCTTAAC-CAAGGACCTTCC-3 0 ), and KRT19 (5 0 -CTGCTGTGAG-GATCCAGTGA-3 0 , 5 0 -GTCTGGGGAGGGACTTTGTA-3 0 ) were PCR amplified from genomic DNA isolated from cultured human keratinocytes (Gentra Puregene, Qiagen GmbH) with the Primer3-designed oligonucleotides listed in brackets. The VDR DNA-binding domain (DBD, AA 16-125) (Sone et al. 1991) was shuttled into recombinational cloning compatible destination vector pDEST 17 (Life Technologies), transformed into Escherichia coli BL21 (DE3) cells, expressed via 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) induction, and then purified as recombinant hexahistidine-tagged fusion protein by nickel affinity chromatography following common procedures. To investigate binding of VDR-DBD to amplified promoters, 600 ng of respective PCR products were incubated with recombinant DBD in 100 mM Tris buffer in a total reaction volume of 20 ml for 5 min and subsequently separated on a 1% agarose gel in 1! TAE buffer. Samples were visualized for apparent electrophoretic mobility shifts in relation to a previously described osteopontin DR3 repeat (Hijiya et al. 1994) positive control (5 0 -CGCAGAGCATTTGCATCTAA-3 0 , 5 0 -GGTTCTGAATTCCGCTGTGT-3 0 ) plus four analogously treated negative control DNA fragments (designated as C7, D1, A12 and G8) containing no definite VDRE. Band intensities were densitometrically quantified via ImageJ software (http://rsbweb.nih.gov/ij/docs/index.html).
Results

Global transcriptional profiling uncovers known and novel calcitriol response genes in human primary keratinocytes
To develop a comprehensive picture of calcitriol-mediated changes in gene expression patterns, total RNA isolated from proliferating primary keratinocytes treated with 200 nM calcitriol for 16 h was subjected to a commercially available microarray hybridization service (Dalma-Weiszhausz et al. 2006) . Before definite sample submission, an aliquot of RNA was pretested in a miniature scale RTq-PCR analysis to ensure that a calcitriol response could be detected at the level of mRNA induction as judged by an increase in CYP24A1 expression (Anderson et al. 2003) (data not shown). The interrogated Affymetrix human 1.0 ST gene chip platform offers coverage of roughly the entire transcriptome wherein each of the 28 869 annotated constituents is cumulatively represented by w26 distinct perfect match-only designed probes spread across the entire length of the genes (including w20 000 generic background/hybridization controls), resulting in high intra-platform consistency, robustness, and reproducibility (Shi et al. 2006 , Sarmah & Samarasinghe 2011 . A preliminary, unbiased, preprocessed, normalized raw data summary identified 86 probe sets as differentially expressed (67 upregulated and 19 downregulated genes with fold changes of 1.8 or greater) under calcitriol exposure compared with reference conditions. For subsequent RTq-PCR validation, this list was reduced to a cohort of 78 promising candidate calcitriol response genes, employing only those genes whose pattern of expression was consistent in all three independently performed technical replicates and across all probe sets that detect the same gene.
Functional clustering suggests enrichment of genes involved in response to wounding, secondary metabolite biosynthesis, protease inhibition, cellular migration, and amine biosynthetic processes
We next assigned biological themes to our authenticated, calcitriol-modulated genes by taking advantage of the web-accessible DAVID knowledgebase, an integrated highthroughput data mining environment (Sherman et al. 2007 , Huang da et al. 2009 ). Employing pre-adjusted 'medium' default parameter settings, five annotation categories appeared to be significantly enriched among our identified cohort of 78 genes. These clusters encompass response to wounding/inflammatory response (ES 2.58), protease inhibition (ES 2.01), secondary metabolite biosynthesis, transport, and catabolism (ES 2.2), cellular migration (ES 1.44), and amine biosynthetic processes (ES1.33).
The majority of microarray-identified targets can be reproduced in RTq-PCR analysis using biological replicate samples Differential expression patterns of the candidate 200 nM/16 h calcitriol response genes in primary human keratinocytes isolated from three different individuals was separately assessed by RTq-PCR analysis. The RTq-PCR analysis permits identification of induction or repression as relative fold changes in transcript levels compared with seven internal unregulated reference housekeeping gene transcripts (Walker 2001 , Dallas et al. 2005 , Provenzano & Mocellin 2007 . RTq-PCR data from all three individuals were integrated, and 55 candidates were definitively authenticated. We found that 48 of these were congruently upregulated (Fig. 2 ) and seven were downregulated ( Fig. 3 ). Although mean interindividual variation, the percentaged relative S.D. across individuals in the calcitriol-stimulated vs ethanol-treated control group, was experimentally determined to be w10% (Table 1) , which would encourage selection of a fold change cutoff of 1.1, we chose a more stringent selection. Only genes with a fold change of at least 1.8 and P!0.05 were considered to be explicit 'hits'. As highlighted in Figs 2 and 3, mean fold changes over three biological and technical replicates in all tested cases autonomously verified our earlier findings. Additionally, we performed RTq-PCR analyses on primary keratinocytes isolated from another set of three individuals, which were stimulated with a physiological dose of 1 nM calcitriol for 8 h using the same 78 probe panel. As depicted in Figs 2 and 3, though the fold changes are not as high, all genes, except ABHD3, are regulated in the same directions as upon stimulation with 200 nM for 16 h. However, with a fold change of at least 1.8, 23 genes were congruently upregulated and two were downregulated. Mean interindividual variation was again determined to be w10% (Table 1) .
Comparison of differentially regulated targets to current literature indicates the necessity for ongoing gene expression profiling studies
Based on an in-depth literature survey (Pubmed database) of currently available expression profiling studies investigating differential calcitriol-mediated gene expression in diverse cell and tissue types, our final list of 55 candidate calcitriol-regulated genes includes 46 candidates whose responsiveness has, to the best of our knowledge, not been observed previously in human primary keratinocytes, and nine genes (NET1, G0S2, IL1RL1, CD14, KLK6, KLK13, SERPINB1, SEMA3B, and DUSP10) previously identified as calcitriol-regulated genes in human primary keratinocytes. In addition, as can be perceived from Fig. 1 , 33 candidates have previously been related to calcitriol in diverse (tumor-derived) cell lines, and 13 candidates (BNC2, CALB2, IGFL3, CYP4F3, FETUB, DHRS9, HCAR3, KRT19, OLFML3, TMEM91, CRABP2, CYP4B1, and TMEM63C) have not previously been identified as being regulated by calcitriol. Because overlap between the various individual studies is limited, ongoing efforts will be necessary for fully elucidating all calcitriol response genes. The majority of validated calcitriol response genes contain (predicted) VDR binding elements within their promoter regions
To evaluate whether both induced and repressed candidates represent direct, i.e. primary, VDR targets, their promoter regions were analyzed for the presence of (putative) response elements, an essential prerequisite for positioning calcitriol-bound VDR-RXR heterodimers close to the basal transcription machinery (Toell et al. 2000 , Shaffer & Gewirth 2002 . The internet-based software tool MatInspector employed for this purpose accurately calculates theoretical nuclear hormone receptor superfamily binding preferences, which are expressed as positional weight matrices (Cartharius et al. 2005) . The nucleotide frequency templates applied comprise DR3 (random expectation: 0.14 matches per 1000 bps), bipartite DR3 (random expectation: 0.01 matches per 1000 bps), DR4 (random expectation: 0.07 matches per 1000 bps), and DR5 (random expectation: !0.01 matches per 1000 bps) arrangements. In this analysis, of our 55 RTq-PCRvalidated candidates, 50 -including some established constituents for which definite VDREs have already been characterized -were found to explicitly contain at least one response element occurring without positional bias relative to the TSS (Fig. 4) . As highlighted in Fig. 1 , the majority of genes carry either (bipartite) DR3 (63.5%) or DR4 (27.3%) motifs. As speculative binding sites are not sufficient to indicate definite functionality, we performed in vitro electrophoretic mobility agarose gel shift assays using a combination of predicted, PCR-amplified promoter regions of some randomly selected differentially expressed calcitriol response genes, plus recombinantly expressed and purified hexahistidine-tagged VDR DBD. Figure 5 shows the obtained results for CRABP2, OLFML3, BNC2, TMEM91, and KRT19 in relation to an osteopontinpositive control DR3 containing PCR product (47.5% shift under our experimental conditions, as visible by a densitometrically quantified decrease in the amount of input DNA upon VDR DNA-BD addition, leading to a smear-like displacement) and four analogously treated negative controls not containing any VDREs. We observed definite gel shifts for CRABP2 (33.5% shift), OLFML3 (33.5%), and BNC2 (31.9%) promoters, whereas TMEM91 (14.9%) and KRT19 (10.45) lingered considerably inferior. This test set, although to be refined and further extended in follow-up approaches, is a preliminary incidence of definite biological functionality of a realistic amount of predicted response elements in vitro.
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RTq-PCR 200 nM/16 h 1 nM/8 h GenBank
Symbol Gene description Fold Fold Fold NM_133265
AMOT
CXCL14 Chemokine (C-X-C motif) ligand 14 -4.7 -5.6 -1.6 NM_000779 CYP4B1 Cytochrome P450, family 4, subfamily B, polypeptide 1 -1.9 -2.9 -1.1
Serine peptidase inhibitor, Kazal type 6 -1.8 ND NM_020431
TMEM63C Transmembrane protein 63C -2.4 -4.8 NM_003810 TNFSF10
Tumor necrosis factor (ligand) superfamily, member 10 -2.0 --1.1 
Discussion
Apart from a large assortment of single-gene investigations, several medium-scale to HTP global transcriptomic studies have been performed for deciphering (classical) calcitriol target genes and concomitant pathways (summarized in Fig. 6 In silico prediction of putative VDR-RXR heterodimer binding sites within the promoter regions of RTq-PCR-validated calcitriol target genes. Columns specify applied matrix concepts, relative position/orientation with respect to the relevant TSS, calculated statistics, and matching consensus motifs. Marked in dark gray are the predicted (bipartite) DR3 elements that have been analyzed for definite recombinant VDR-DBD binding in agarose gel shift assays. Nucleotides highlighted in black within the 'consensus sequence' column exhibit a high informational content, i.e. the matrix reveals high conservation (consensus index values O60) at this position. Nucleotides given in capital letters denote the core sequence routinely exploited by MatInspector.
keratinocytes. However, it is apparent from our literature survey that the basic strategies not only employed vastly diverse cell lines derived from numerous tissue models but also vary in application of in-house-prepared vs commercially available microarrays. Gene sets range from fairly restricted to genome spanning. There is significant variation in underlying sample labeling protocols, hybridization conditions, imaging quantification, and data filtering and interpretation (set cutoff values). Differences in detected differential regulation ranged from the per mill interval to as much as 7% (Moll et al. 2007) (White 2004 , Tavera-Mendoza et al. 2006 . Except for CYP24A1, an established marker of (metabolically time frame limited) calcitriol activity (Swami et al. 2003 , only a handful of candidates have been identified by multiple research groups. Thus far, the available data fail to delineate the precise distribution, diversity, and entirety of affected targets, emphasizing the necessity to continue calcitriol-mediated gene expression studies if we are to be able to explain the entire spectrum of calcitriolprovoked activities.
In the current report, we present a substantially expanded 'hit list' of 55 specific calcitriol response genes that are differentially expressed upon calcitriol exposure within human primary keratinocytes isolated from three different individuals. Included are nine (16.36%) calcitriol response genes previously known from human primary keratinocytes, as well as 46 (83.6%) novel calcitriol response genes (33 of which have, parenthetically, previously been described in other settings) whose definite modulation was independently confirmed and statistically assessed. Our chosen calcitriol concentrations (1 nM/200 nM) and stimulation times (8 h Electrophoretic mobility shift assays demonstrating the in vitro functionality of five MatInspector-predicted VDR-binding sites within some novel calcitriol response genes. Shown are PCR-amplified promoter fragments (denoted as input) for CRABP2, OLFML3, BNC2, TMEM91, and KRT19 in relation to osteopontin (OPN)-positive control and four different negative control PCR products designated as C7, D1, A12, and G8. Shown are the differences before (assumed as a 100% PCR band intensity) and after addition of recombinant VDR-DBD. Actual shifts (obvious decreases in the amount of input DNA, leading to a smear-like appearance) in promoter (PCR band) intensity following DBD incubation are marked by arrows. Values calculated after ImageJ quantification are given below.
Test system
Employed array platform Obtained results
Overlap to our study Reference Atlas Array with 588 genes (Clontech), GF211 Named Human 4000+ filters (Research Genetics, Huntsville, AL, USA) 38 upregulated targets, including multiple growth/transcription factors, adhesion molecules, as well as kinases Austuk et al. (2001) None Affymetrix 6800+ HuGene FL human gene oligonucleotide chips Expression profiling with the lowcalcemic analog EB1089 identified 89 up-and 63 downregulated targets. No evidence for gene-specific differences in efficacy to calcitriol was identified. Genes control signaling, G protein-coupled receptor function, redox balance, adhesion, cell cycle progression, steroid metabolism, and immune system functions CD14↑, SEC14L1↑, NET1↑, DUSP10↑, G0S2↑, TXNRD1↑, TGFB2↑ Lin et al. (2002) 
Squamous cell carcinoma lines
Affymetrix Hu133A 35 000+ oligonucleotide arrays, combined with screens for consensus DR3 and ER6 elements Of 913 identified genes, 734 were induced and 179 repressed. VDREs lying within -10 to +5 kb relative to the 5′ TSS could be assigned to 65% of them ABCA1↑, CD14↑, CAB39↑, CD274↑, CD97↑, CDA↑, CHST11↑, CLMN↑, NRIP1↑, CXCL14↓, ABHD3↑, CYP3A5↑, DUSP10↑, CPA4↓, EFTUD1↑, ETNK2↑, G0S2↑, KLK13↑, KLK6↑, NET1↑, P2RY2↑, SEMA3B↑, PLLP↑, SEC14L1↑, TGFB2↑, IL1RL1↑, SLC4A7↑, SERPINB1↑, SLC1A1↑, TXNRD1↑, CYP24A1↑, AKAP12↑, APCDD1↓, G6PD↑, HBEGF↑, KLHL5↑ Wang et al. (2005) Stanford University in-houseestablished array with 23 078 constituents (among them 18 433 sequenced clones) 18 upregulated genes (with maximum increases mostly seen at 24 h), four downregulated genes. Putative targets appear to be involved in growth regulation, DNA repair, differentiation, cell-matrix interactions, membrane transport, and inhibition of metastasis 
Figure 6
Medium-scale to HTP genome-wide microarray studies examining differential expression of human calcitriol targets. Individual columns depict employed cell lines, applied commercial vs in-house-established array platforms, obtained results, and evident (if any) overlap to our present work. The only two previous approaches definitely focusing on keratinocytes are highlighted in gray. Concentration and induction times typically ranged around 30-50 nM calcitriol and 4, 6, 12, 24, 36, 48, or 72 h.
[ and Y denote comparable fold-changes (log 2 ) or gene expression ratios as published within the respective studies. Previously reported candidate genes that were not confirmed in this study are shown in italics. (Heikkinen et al. 2011 ) and a 24-to 72-h range (Suzuki et al. 2006) for obtaining reasonable up-or downregulation of genes that can still be considered as primary targets (Lin et al. 2002 , Carlberg 2010 . From our in-house-performed 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay that mayunder applied experimental conditions -reflect the number of viable, proliferating cells by measuring the activity of cellular enzymes reducing the respective MTT dye, we can parenthetically estimate that 62.91% of primary keratinocytes are metabolically active at the 200 nM calcitriol dose (half maximal effective concentration EC 50 of 908.8 nM, Supplementary Figure 1 , see section on supplementary data given at the end of this article). Consistent with both high(er)-quality single-gene approaches and with earlier microarray studies performed in diverse (tumor tissue derived) cell types, our results reveal fewer genes downregulated than upregulated (Vanoirbeek et al. 2009 ). Employing a RTq-PCR foldchange cutoff of 1.8 or greater, we expect our data to correlate with results from complementary test arrangements. However, several acknowledged targets, including APCDD1, G6PD, HBEGF, KLHL5, DSC1, METTL7A, IL1B, CYP4F11, TNFSF10, LYPD5, or SLC44A5, fell through our rigorous, unbiased post hoc data filtering, which distinguishes verifiable findings from false-positive fluctuations. Our RTq-PCR confirmation of 55 differentially expressed calcitriol response genes at 200 nM/16 h, as well as the demonstration of comparable tendencies of gene regulation plus the confirmation of at least 45% of the genes as calcitriol targets using 1 nM calcitriol for 8 h, nonetheless affirms the potency of our streamlined experimental design while simultaneously underscoring the legitimacy of our 46 novel (among them 13 entirely new) candidates. Because we measured changes in gene expression at only one concentration of calcitriol at a single time point for microarray analysis and reevaluated only 78 of the 86 original candidates derived from the whole-transcriptome microarray chip at two concentrations, our confirmed list of regulated genes likely reflects an underestimate of the total number of calcitriol targets in primary keratinocytes. Lastly, our RTq-PCR-evaluated data have been complemented by literature-inspired , Carlberg & Heinäniemi 2010 , weighted nucleotide distribution matrix-based predictions that assign (near) consensus nuclear hormone receptor superfamily response elements (Cartharius et al. 2005) . As the affinity of a monomeric VDR molecule to a single-core binding motif is not sufficient to allow optimal DNA binding, transcriptional control of primary calcitriol targets is preferentially achieved by association of VDR-RXR heterodimers to the major groove of classical DR3-type (i.e. spaced by three intervening nucleotides) repeats of the hexamer sequence RGKTSA (where R is A or G, K is G or T, and S is C or G) (Shaffer & Gewirth 2002 ). Furthermore, effective linkage has also been observed on DR6, DR5, and DR4 VDREs as well as on cisacting everted repeat structures with seven to nine intervening nucleotides, arrangements that are not decidedly included in the exploited prediction profile (Toell et al. 2000) . Using weighted nucleotide distribution matrix-based in silico predictions, we have been able to uncover putative direct VDR-binding sites within the promoter regions of 50 (90.9%) of our RTq-PCR-confirmed candidates. Of the 13 entirely new calcitriol target genes identified by our study, 11 reveal variable numbers plus combinations of response elements, with (bipartite) DR3s actually prevailing. Definite recombinant VDR-DBD binding to (bipartite) DR3 repeats could be confirmed for three out of five randomly selected candidates genes and thereby provides us with both a level of further validation and a putative mechanism of regulation. Nevertheless, definite VDRE uncovering does not signify unambiguous response element functioning in vivo, as VDRE may be covered by nucleosomes (especially elements in locations isolated from transcription factor 'modules'), while maintenance of responsiveness may, on the other hand, not demand strict binding site conservation (Toell et al. 2000 , Carlberg & Seuter 2009 ).
6-h interval
In conclusion, our study suggests that the role of calcitriol in human primary keratinocytes is more complex than perhaps formerly anticipated. It also illuminates how continuing, sophisticated endeavors can significantly contribute to a further description of novel calcitriol targets -information that is indispensable for our enhanced understanding of underlying (regulatory) pathways and associated disease phenotypes at the molecular level. We nevertheless have to acknowledge some apparent restrictions of this study, namely its absolute in vitro nature and its probably limited representativeness of biological data. A better, physiologically more relevant, complementation for future corroboration of this first overall impression on novel calcitriol response genes could be to isolate keratinocytes from patients treated with different calcitriol doses and align with existing in vitro data. Although whole-transcriptome microarrays were admittedly performed with RNA isolated from only one single individual, the majority of differentially regulated calcitriol target genes could nonetheless be confirmed in a complementary RTq-PCR setup
